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Introduction

Over the last 15 years, the chemistry of Group 4 transition-
metal imides has received considerable attention.[1–7] Both
computational and experimental studies have been per-
formed to probe the structure and reactivity of these sys-
tems. It has been shown that Group 4 transition-metal

imides have potential in C�H activation chemistry,[8–16] ma-
terials chemistry[17–20] and olefin polymerisation catalysis
(with the imide acting as an “ancillary ligand”),[21–23] and
that these systems can be utilised in an wide variety of stoi-
chiometric and sometimes catalytic coupling reactions with
unsaturated substrates.[6] Terminal titanium imido complexes
were first structurally characterised in 1990,[24,25] and since
then a large number of imido complexes with different an-
cillary ligands have been synthesised.[6] A general entry
point to new titanium imido chemistry is gained by way of
the readily prepared synthons [Ti(NR)Cl2(py)3] (R= tBu or
aryl) and their homologues, from which straightforward
metathesis reactions afford a wide range of derivatives.[26]

We noticed that although cyclopentadienyl and to a lesser
extent arene co-ligands have been widely used in transition-
metal imido chemistry, there has only been one report of
imido complexes bearing cyclooctatetraenyl co-ligands,
namely the dinuclear m-arylimido derivatives [M2(m-N-2,6-
iPr2C6H3)2(h8-COT)2] (M=Zr, Hf).[27] Therefore, we were
interested to see if using the smaller titanium congener
would lead to a mononuclear derivative. Only two families
of one-legged piano stool (’pogo stick’) imido complexes
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have been reported previously and both consisted of later
transition-metal, 18-valence-electron compounds of the type
[Ir(h5-C5Me5)(NR)][28] (R= tBu, SiMe2tBu, 2,6-Me2C6H6 or
2,6-iPr2C6H6) and [Os(h6-C6Me6)(NtBu)] or [Os(h6-p-cyme-
ne)(NR)] (R= tBu or 2,6-Me2C6H6).[29] Here we report a
unique series of monomeric and dimeric cyclooctatetraenyl
titanium imido complexes whose structures depend on the
steric bulk of the imido and/or C8 ring substituents. We de-
scribe the solid-state structures of two of the novel pseudo-
two-coordinate titanium imido species, along with a compu-
tational study of the electronic structure of cyclooctatetraen-
yl titanium imido complexes. Part of this work has been
communicated previously.[30]

Results and Discussion

Synthesis and characterisation of cyclooctatetraenyl titanium
imido complexes : Titanium imido dichloride starting materi-
als [Ti(NR)Cl2(py)3] (R= tBu, 2,6-Me2C6H3, 2,6-iPr2C6H3

and 2-tBuC6H4) were prepared according to previously de-
scribed routes.[21, 26] Reaction of these with either K2[COT]
(COT= C8H8) or the more sterically bulky Li2-
[COT’’]·1.8THF (COT’’=1,4-bis(trimethylsilyl)-1,3,5,7-cyclo-
octatetraenyl) gave products that depended critically on the
exact nature of both the imido and cyclooctatetraenyl ring
substituents. Addition of one equivalent of either K2[COT]
or Li2[COT’’]·1.8 THF to [Ti(NtBu)Cl2(py)3] in THF at
�50 8C gave a dark red solution. After standard work-up,
spectroscopically clean samples of the pseudo-two-coordi-
nate complexes [Ti(NtBu)(COT)] (1) or [Ti(NtBu)(COT’’)]
(2), respectively, were isolated as yellow solids [Eq. (1)].
The NMR spectra of 1 contained singlet resonances for a
tert-butylimido group and an h8-coordinated COT ring. The
1H NMR spectrum of 2 was more complicated due to the
decrease in symmetry in the COT’’ ring. In this case the pre-
cise assignments of the COT’’ protons were determined by
using NOE difference spectroscopy. The nuclearity of 1 was
confirmed by X-ray diffraction analysis (vide infra), and by
analogy 2 is also proposed to be monomeric. The presence
of the SiMe3 groups on the COT ring appears to increase
the solubility of 2 in hydrocarbon solvents relative to 1.

The methodology used to synthesise 1 and 2 was extended
to prepare titanium COT complexes which contain aryl
imido substituents. The reactions of the aryl imido precur-
sors [Ti(NR)Cl2(py)3] (R=2,6-Me2C6H3, 2,6-iPr2C6H3 and 2-
tBuC6H4) with either K2[COT] or Li2[COT’’]·1.8 THF gave
two types of products depending on the exact nature of the
cyclooctatetraenyl ligand. The reaction of [Ti(N-2,6-

iPr2C6H3)Cl2(py)3] with K2[COT] in THF gave the crystallo-
graphically characterised (vide infra) monomeric orange
complex [Ti(N-2,6-iPr2C6H3)(COT)] (3). Although [Ti(N-
2,6-iPr2C6H3)(COT’’)] (4) appeared to be formed in an
NMR-tube-scale reaction between [Ti(N-2,6-iPr2C6H3)Cl2-
(py)3] and Li2[COT’’]·1.8 THF, the product could not be
cleanly isolated from larger scale reactions. The monomeric,
asymmetrically substituted arylimido complex [Ti(N-2-
tBuC6H4)(COT’’)] (5) was prepared from the reaction be-
tween [Ti(N-2-tBuC6H4)Cl2(py)3] and Li2[COT’’]·1.8 THF in
THF. Surprisingly, the analogous reaction between [Ti(N-2-
tBuC6H4)Cl2(py)3] and K2[COT] did not produce any tracta-
ble products.

The most striking difference between the reaction prod-
ucts of K2[COT] and Li2[COT’’]·1.8 THF was observed with
the moderately bulky arylimido derivative [Ti(N-2,6-
Me2C6H3)Cl2(py)3]. The reaction of this compound with
K2[COT] in THF resulted in the formation of the crystallo-
graphically characterised (vide infra), dimeric imido-bridged
complex [Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6) (Scheme 1).

Unlike the lightly-coloured, highly soluble monomeric spe-
cies 1–4, this complex was dark red and only slightly soluble
in most common organic solvents. Differences were also ob-
served between the UV/Vis spectra of compounds 1 and 6.
The spectrum of compound 1 consisted of three principle
transitions with the lowest energy one at 373 nm, whereas
that of compound 6 contained four main transitions includ-
ing a broad band at 686 nm.

The dimeric structure of 6 was maintained in solution as
established from NOE experiements. A significant NOE en-
hancement was detected between the methyl protons of the
2,6-Me2C6H3 aryl substituent and the protons of the COT

Scheme 1. Mono- and binuclear derivatives formed with the N-2,6-
Me2C6H3 ligand.
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ring. This enhancement is only expected in a dimeric system
in which the bent geometry around the bridging nitrogen
atom brings the imido substituent into closer proximity to
the COT ring. The solid-state structure of 6 indicates that
the distance between the methyl protons of the 2,6-Me2C6H3

aryl substituent and the protons of the COT ring can be as
small as 2.35 �, which is well within the range for observing
NOE interactions. The corresponding distance between the
methine proton of the isopropyl groups and the COT ring in
the solid state of the monomeric species [Ti(N-2,6-
iPr2C6H3)(COT)] (3) is 3.64 �. Given this large distance, it
is not surprising that no NOE enhancement was observed
between the methine proton and the COT ring in compound
3. Presumably, the less sterically bulky 2,6-Me2C6H3 imido
substituent allows dimerisation to occur, whereas when the
imido substituent is either tBu or 2,6-iPr2C6H3 steric factors
prevent dimerisation.

The reaction of [Ti(N-2,6-Me2C6H3)Cl2(py)3] with Li2-
[COT’’]·1.8 THF yielded the monomeric orange complex
[Ti(N-2,6-Me2C6H3)(COT’’)] (6) (Scheme 1). This complex is
proposed to be monomeric based on its solubility, colour
and a NOE experiment which showed that there was no en-
hancement between the methyl protons of the N-2,6-
Me2C6H3 imido substituent and the protons of the COT’’
ring. In this case dimerisation is probably unfavourable due
to the more sterically demanding COT’’ ring.

The complexes [Ti(N-2,6-iPr2C6H3)(COT)] (3), [Ti(N-2,6-
Me2C6H3)(COT’’)] (7), [Ti(N-2-tBuC6H4)(COT’’)] (5) and
[Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6) could also be synthes-
ised by tert-butylimido–aniline exchange by reaction of the
appropriate tert-butylimido precursor (1 or 2) with the cor-
responding arylamine.[26, 29] This method was problematic be-
cause the ligand exchange was slow even at elevated tem-
peratures and it was difficult to remove any trace excess ar-
ylamine from the product. However, the ligand–exchange
method was successfully utilised to synthesise the ring-un-
substituted phenyl-imido complex [Ti2(m-NPh)2(COT’’)2] (8)
[Eq. (2)]. Compound 8 was proposed to be dimeric on the
basis of its solubility (insoluble in most common solvents),
colour (dark red) and a significant NOE enhancement be-
tween the ortho and meta protons of the m-NPh ligand and
the protons of the COT’’ ring. The nuclearity of this species
supports the observation that as the steric bulk of the imido
substituent is decreased, dimerisation becomes more favour-
able.

Solid-state structures : Crystals of monomeric [Ti(NtBu)-
(COT)] (1) and [Ti(N-2,6-iPr2C6H3)(COT)] (3) suitable for
X-ray diffraction analysis were obtained by careful high-
vacuum-tube sublimation. The solid-state structures of
[Ti(NtBu)(COT)] and [Ti(N-2,6-iPr2C6H3)(COT)] are shown
in Figure 1. Selected bond lengths and angles are presented
in Table 1 and Table 2 together with those calculated by

DFT analysis (vide infra). The
pseudo-two-coordinate, ’pogo-
stick’ or ’one-legged piano
stool’ geometry observed for
these complexes is unique in
early transition-metal imido
and cyclooctatetraenyl ligand
chemistry.[1,31] A search of the
Cambridge Structural Database
for complexes of the type
[Ti(h8-COT)(L)n] showed that

Figure 1. Displacement ellipsoid plots (30 % probability) of [Ti(NtBu)-
(COT)] (1, top) and [Ti(N-2,6-iPr2C6H3)(COT)] (3, bottom). H atoms
omitted for clarity.
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the formal value of n is at least three.[32, 33] Although there
has previously been one report of imido complexes bearing
cyclooctatetraenyl co-ligands, these complexes were neither
monomeric nor structurally characterised.[27]

The Ti=N�tBu and Ti···COT (ring centroid) distances of
1.699(6) and 1.369 � in 1 are within the expected ranges for
terminal titanium tert-butylimido and titanium(iv) h8-cyclo-
octatetraenyl complexes, respectively.[32,33] The COT ring is
planar and the complex is approximately Cs symmetric. The
near-linearity of the Ti=N�tBu angle (Ti(1)-N(1)-C(1)
177.1(5)8) is consistent with the imido ligand acting as a
four-electron donor to the titanium center, giving the com-
plex an overall metal valence-electron count of 16.

Compound 3 lies on a crystallographic two-fold rotation
axis. As a consequence of the crystallographic symmetry, the
ring centroid, Ti(1), N(1), and C(1) and C(4) atoms of the
phenyl group are all required to be colinear and this axis is
required to be exactly perpendicular to the COT plane. As
for 1, within experimental error the COT ring is planar and
the Ti atom lies 1.35 � from the best plane of this ligand.
The Ti(1)�N(1) bond length in 3 of 1.7217(18) � is consis-
tent with typical literature values for titanium imido com-
pounds with an arylimido substituent.[32,33] However, the
Ti(1)�N(1) bond length in 3 is significantly longer
(0.023(6) �) than the corresponding bond length in 1. This
is probably the result of the electron-withdrawing nature of

aryl groups, compared to the inductively electron-donating
alkyl group, and is well precedented.[26] Presumably, this
causes a difference in the availability of the Nimido lone pair
for donation to the metal.

X-ray diffraction quality crystals of dimeric [Ti2(m-N-2,6-
Me2C6H3)2(COT)2] (6) were grown from a saturated ben-
zene solution at room temperature. The solid-state structure
is shown in Figure 2. Selected distances and angles are given
in Table 3, along with those calculated from DFT analysis
(vide infra). The dimeric complex lies on a crystallographic
centre of inversion and contains two pseudo-three coordi-
nate titanium centres linked by two bridging N-2,6-Me2C6H3

ligands, with the remainder of each metal coordination
sphere consisting of an h8-coordinated COT ring. The Ti···Ti

Table 1. Comparison between selected experimental and calculated bond
lengths and angles for [Ti(NtBu)(COT)] (1).

Bond lengths or angles Experimental values
[� or 8]

Calculated values
[� or 8]

Ti�C ring 2.267(8)–2.290(8) 2.28
Ti(1)�N(1) 1.699(6) 1.69
N(1)�C(1) 1.45(5) 1.43
C�C ring 1.37(2)–1.44(2) 1.41
C�CH3(tBu) 1.51(1)–1.52(1) 1.52
C-C-C ring 133.9(9)–136.5(9) 135
C ring-Ti(1)-N(1) 125.9(3)–127.7(3) 126

Table 2. Comparison between selected experimental and calculated bond
lengths and angles for [Ti(N-2,6-iPr2C6H3)(COT)] (3).

Bond lengths or angles Experimental values
[� or 8]

Calculated values
[� or 8]

Ti�C ring 2.2778(16)–2.2885(16) 2.28
Ti(1)�N(1) 1.7217(18) 1.70
C�C ring (COT) 1.406(3)–1.413(3) 1.41
N(1)�C(1) 1.381(3) 1.37
C�C ring (aryl) 1.3918(19)–1.4209(18) 1.41
C(2)�C(5) 1.515(2) 1.50
C(5)�C(6) 1.529(3) 1.54
C(5)�C(7) 1.535(3) 1.54
C ring-Ti(1)-N(1) (COT) 125.9(3)-127.7(3) 126
Ti(1)-N(1)-C(1) 180 180
C-C-C ring (aryl) 118.61(14)-121.20(14) 119
C(1)-C(2)-C(5) 119.03(14) 121
C(3)-C(2)-C(5) 122.33(13) 121
C(2)-C(5)-C(6) 109.85(13) 111
C(2)-C(5)-C(7) 114.12(15) 111
C(6)-C(5)-C(7) 110.39(16) 112

Figure 2. Displacement ellipsoid plot of [Ti2(m-N-2,6-Me2C6H3)2(COT)2]
(6) (15 % probability). H atoms omitted for clarity.

Table 3. Comparison between selected experimental and calculated bond
lengths and angles for [Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6).

Bond lengths or angles Experimental values
[� or 8]

Calculated values
[� or 8]

Ti(1)�N(1) 2.022(2) 1.95
Ti(1)�N(1A) 1.883(2) 1.92
Ti(1)�C(9) 2.380(3) 2.40
Ti(1)�C(10) 2.420(3) 2.44
Ti(1)�C(11) 2.357(3) 2.35
Ti(1)�C(12) 2.328(3) 2.31
Ti(1)�C(13) 2.427(3) 2.42
Ti(1)�C(14) 2.473(3) 2.46
Ti(1)�C(15) 2.397(3) 2.37
Ti(1)�C(16) 2.320(3) 2.32
N(1)�C(1) 1.411(3) 1.38
C(1)�C(2) 1.413(4) 1.41
N(1)-Ti(1)-N(1A) 81.82(10) 83
N(1)-Ti(1)-C(9) 156.25(10) 159
N(1 A)-Ti(1)-C(9) 97.66(10) 94
N(1)-Ti(1)-C(10) 169.60(11) 167
N(1)-Ti(1)-C(11) 137.30(10) 136
N(1)-Ti(1)-C(12) 107.62(10) 107
N(1)-Ti(1)-C(13) 89.9(1) 91
N(1)-Ti(1)-C(14) 87.78(9) 90
N(1)-Ti(1)-C(15) 99.67(10) 102
N(1)-Ti(1)-C(16) 124.32(10) 127
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distance of 2.952 � is not unusually short for a binuclear ti-
tanium(iv) complex, and similar distances have been ob-
served in related species.[34–37] The Ti atom lies 1.54 � from
the centroid of the C8 ring, which is significantly longer than
in either of the monomeric compounds 1 and 3, and the
Ti···Ti···ring centroid angle is 173.58 suggesting some slip-
page of the ring. The bridging region of the complex is
asymmetric, such that the Ti�N bond lengths are different
(Ti(1)�N(1) 2.022(2), Ti(1)�N(1 A) 1.883(2) �). Unsymmet-
rically bridging imides have previously been observed for
several different transition-metal complexes and this effect
increases p donation to the metal centre.[27,35, 38]

The ligands of the complex are slightly distorted from
their regular geometries. The dimethylphenyl group of the
imide is bent slightly towards the Ti atom in the same asym-
metric unit, so the Ti···Ti vector makes an angle of 84.78
with the best plane of the phenyl ring. Neither of the ipso-
carbon atoms of the bridging m-N-2,6-Me2C6H3 ligands dis-
plays any interaction with the Ti centre in contrast to the
significant interactions seen in similar zirconium,[27] samari-
um[38] and uranium[39–42] complexes. This lack of interaction
could be for steric reasons or because titanium is smaller
than these other metals. The COT ligand is distorted slightly
from planarity towards a shallow saddle shape. This distor-
tion presumably arises as a result of the strong trans influ-
ence of the imido nitrogen atoms. The carbon atoms of the
COT ligand that are directly trans to the imido groups
(namely C(10), C(13) and C(14)) show the largest Ti(1)�
Cring distances.

Density functional theory analysis of monomeric titanium
imido compounds containing the cyclooctatetraenyl ligand :
The electronic structure of [Ti(NtBu)(COT)] (1) was com-
pared with the electronic structures of [Ti(NtBu)(COT’’)]
(2) and [Ti(N-2,6-iPr2C6H3)(COT)] (3). Density functional
theory was used to model the related sets of compounds 1, 2
and 3. Geometry optimisations were performed assuming Cs

symmetry for 1 and 2 and C2v symmetry for 3. Important cal-
culated bond lengths and angles are compared with the ex-
perimental ones in Table 1 and Table 2. For compounds 1, 2
and 3 a fragment analysis was performed in which the mole-
cule was broken into a metal-ring fragment and an imido
fragment.

As can be seen from Table 1 calculated bond lengths and
angles for 1 generally showed good agreement. Although
calculations were performed on 1 assuming the highest pos-
sible symmetry namely, Cs, for the purposes of this discus-
sion the complex can be considered as having C8v or C¥v

symmetry. This is because only the s- and p-metal–ligand in-
teractions of the nitrogen atom are important and conse-
quently NtBu can be thought of as a generic and cylindrical-
ly symmetric linear NR. It is also useful to characterise orbi-
tals according to the s, p and d notation even though the
actual symmetry of 1 is much lower than cylindrical. A MO
diagram for 1 has been constructed in Figure 3.

There are three types of orbital interactions (p, s and d)
for d2 Ti(COT), which has local C8v symmetry. The p orbi-

tals of the carbocylic ring have a low-lying s-symmetry orbi-
tal (a1), a pair of p-symmetry orbitals (e1) and a pair of d-
symmetry orbitals (e2) all with respect to the metal–ring axis
(z). Increasing the number of atoms in a carbocyclic ring de-
creases the energies of the p and d molecular orbitals, but
increases their occupancies.[43] Therefore, in the eight-mem-
bered COT ring the d-symmetry orbitals become compara-
ble in energy to the metal dx2�y2 and dxy orbitals, and the p-
symmetry orbitals are lower in energy than the metal dxz

and dyz orbitals. As a result, the predominant interaction in
the binding of the COT ring to the titanium atom is through
the d orbitals (e2), while the p orbitals are primarily non-
bonding. The 2a1 and 2e1 orbitals of the Ti(COT) fragment
are non-bonding orbitals and contain large contributions
from the titanium 3dz2 orbital for the 2a1 molecular orbital
and from the degenerate titanium 3dxz and 3dyz orbitals for
the 2e1 molecular orbitals. For the second fragment the
imido ligand has a s-type orbital (1a1) and two p-type orbi-
tals (1e1) for bonding. The imido ligand forms a triple bond
(s2, p4-configuration) with the metal centre.

Isosurfaces for the 1e2, 1e1 and 2e1 orbitals and the 2a1 N-
Ti s-bonding orbital are shown in Figure 4. The 1e2 orbital
can clearly be seen to be concerned with the bonding of the
ring to the titanium atom, using the 3dx2�y2 and 3dxy metal or-
bitals and the ring d-symmetry orbitals. The 2e1 molecular
orbital shows that the principle bonding of the imido group
to the metal is through the two nitrogen 2p orbitals and 3dxz

and 3dyx metal orbitals. Finally, the 1e1 orbital shows very
little metal character, instead it is dominated by the ring p-
symmetry orbitals and may be classed as metal–ligand non-
bonding.

Good agreement was observed between the experimental
and calculated bond lengths and angles for [Ti(N-2,6-
iPr2C6H3)(COT)] (3) (Table 2). The bonding between the
metal center and the C8H8 ring in complex 3 is similar to
that described for complex 1. However, differences were ob-
served in the bonding of the imido ligand to the metal

Figure 3. Partial molecular orbital diagram for [Ti(NtBu)(COT)] (1).
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center. The pair of titanium–imido p-bonding orbitals (2e1)
which are degenerate in 1 are not degenerate in 3
(Figure 5). Instead, the titanium–imido p-bonding orbital

which is formed through the 2px orbital of the imido nitro-
gen is higher in energy than the corresponding p-bonding
orbital which forms through the 2py orbital of the imido ni-
trogen atom. The loss of degeneracy arises because when
the 2px orbital of the imido nitrogen forms a p-bond with
the metal center there is also
an unfavourable anti-bonding
interaction between the 2px or-
bital of the nitrogen and the p-
bonding orbitals of the aryl
ring. As the 2py orbital of the
imido nitrogen atom is orthogo-
nal to the p-bonding orbitals of
the aryl ring there is no anti-
bonding interaction between
these sets of orbitals when the

2py orbital of the imido nitrogen atom forms a p-bond with
the metal centre.

The electronic structure of [Ti(NtBu)(COT’’)] (2) is ex-
tremely similar to that described for 1. Fragment calcula-
tions indicated that the ordering and composition (deter-
mined by Mulliken population analysis) of the bonding orbi-
tals in 1 and 2 were almost identical. From these calculations
it is clear that although it has been shown experimentally
that the introduction of SiMe3 groups to the COT ring
changes the solubility and steric properties of the complex,
the presence of the SiMe3 groups has almost no impact on
the electronic properties of 2 compared with those of 1.

General comparison of the bonding in the monomeric and
dimeric complexes : To gain further insights into factors dis-
criminating between monomeric and dimeric complexes, cal-
culations were also performed on the models shown in
Figure 6. The types of calculations performed and the ener-
gies of the models are summarised in Table 4.

The calculation performed on model compound 9 showed
good agreement with the experimental bond lengths and
angles for [Ti(NtBu)(COT)] (1) (Table 5). Since the values
are in excellent agreement with the experimental values, it
is possible to consider 9 as a very good model for 1.

For dimerisation of a linear cyclooctatetraenyl imido com-
plex to occur, the ring centroid-Ti-N angle (a) must change

Figure 4. Selected isosurfaces of [Ti(NtBu)(COT)] (1).

Figure 5. Isosurfaces and energies of Ti–N p-bonding orbitals in [Ti(N-
2,6-iPr2C6H3)(COT)] (3).

Figure 6. Model complexes 9–14 on which calculations were performed.

Table 4. Calculations performed on 1 and 9–14 and associated energies.

Structure Calculation Total energy [eV]

1 geometry optimisation �182.545
9 geometry optimisation �117.519

10 single point (angle a varied from
180–1208)

�114.981 (a= 1208)

11 single point (a =1378, Ti-N-H=1808) �115.894
12 single point (a =1378, Ti-N-H=1258) �116.064
13 geometry optimisation �235.969
14 geometry optimisation �363.806

Table 5. Comparison between selected experimental and calculated bond
lengths and angles for [Ti(NtBu)(COT)] (1) and [Ti(NH)(COT)] (9).

Bond lengths or angles Experimental values
[� or 8]

Calculated values
[� or 8]

Ti�C ring 2.267(8)–2.290(8) 2.28
Ti(1)�N(1) 1.699(6) 1.68
C�C ring 1.37(2)–1.44(2) 1.41
C-C-C ring 133.9(9)–136.5(9) 135
C ring-Ti(1)-N(1) 125.9(3)–127.7(3) 126
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from linear (ca. 1808) to bent (ca. 1208, actually 1378 in 6)
and the Ti=N�R angle must also decrease significantly.
Linear transit calculations were first performed on the sim-
plified [Ti(NH)(COT)] molecule to analyse the effect of
changing the ring-Ti-N geometry from linear to bent (as-
suming C8v symmetry when the ring-Ti-N angle was 1808
and Cs symmetry otherwise). The variation in the orbital en-
ergies of 10 as a function of the bending angle a (180�1208)
are shown in Figure 7a, while the change in total energy of

10 as a function of the bending angle a(180�1208) is shown
in Figure 7b. Figure 8 shows selected molecular orbitals of
the linear molecule 9 and those of the corresponding bent
molecule 10 with angle a of 1208.

The nitrogen–metal p interactions are stronger than the
ring–metal interactions and so on bending the molecule this
defines the z axis. There is a loss in overlap between the
metal and the ring orbitals on bending which leads to a
weakening of the interaction between the metal center and
the cyclooctatetraenyl ring. This is a contributing factor to
the destabilisation of the 1e2-derived orbitals 5a’ and 3a’’.
However, it is not the only one. On bending the molecule,
strong unfavourable anti-bonding interactions develop be-
tween the ring orbitals and the nitrogen orbitals. As expect-
ed, the extent of this destabilisation increases as the mole-
cule is bent further. This anti-bonding interaction explains
the longer Ti···COT (ring centroid) distance in dimeric com-
pound 6 compared to the monomeric compounds 1 and 3.

In contrast, the 2e1-derived orbitals (4a’ and 2a’’) show a
slight stabilisation when the molecule is bent. In this case,
there are bonding interactions between the ring and the ni-
trogen 2p orbitals, as opposed to the anti-bonding interac-
tions observed in the 1e2-derived orbitals. The 1e1-derived
orbitals (3a’ and 1a’’) show relatively little change in energy,
which is expected since the 1e1 set are metal–ligand non-
bonding orbitals, having mainly ligand character. Interest-
ingly, there is little change in the energy of the LUMO on
bending (3a’ going to 6a’). Since, this orbital stays low in
energy the use of a good Lewis base could allow an 18-va-
lence-electron adduct of bent 10 to be isolated if the shape
changes favourably.[66]

Overall, the destabilisation of the 1e2-derived orbitals is
greater than the stabilisation of the 2e1 orbital and so it is
expected to be unfavourable to bend the molecule. This is
clearly illustrated in Figure 7b, which shows the sharp in-
crease in overall energy as angle a is increased.

Dimerisation of 9 or 1 leads to 13 or 14, respectively
(Figure 6). Geometry optimisation calculations were per-
formed on 13 and 14 (Table 4). The ring-Ti-N and Ti=N-H
angles obtained for 13 were used in single point calculations
on models 11 (only the ring-Ti-N angle a changed from 1808
in 9) and then 12 (both ring-Ti-N and Ti=N-H angles pertur-
bed). As expected, the energy of 11 is significantly greater
than that of 9 (Table 4), whereas 12 is slightly more stable
than 11. It appears that the bending of the Ti=N-H angle in
the distorted complex 11 has an energetically beneficial
effect, at least when the imido N-substituent is a sterically
non-demanding H atom. Despite the stabilisation gained on
going from 11 (Ti=N-H= 1808) to 12 (Ti=N-H =1208) the
energies given in Table 4 show that overall conversion of 9
to 12 is an unfavourable process. However, from Table 4 it
can be seen that the dimer 13 is 0.9 eV (86.8 kJ mol�1) lower
in energy than two hypothetical monomers 9. This can be at-

Figure 7. a) Variation in orbital energies of 10 as a function of the bend-
ing angle a (180�1208); b) change in total energy of 10 as a function of
bending angle a (180 �1208).

Figure 8. Selected MOs of [Ti(NH)(COT)] (9) with the corresponding
MOs in 10 when a =120.
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tributed to the dimer gaining an extra s bond. Since s bonds
are generally stronger than p bonds, the energy gained on
dimerisation more than compensates for the reduced over-
lap and unfavourable interactions between the ring and the
imido group. Although [Ti(NH)(COT)] is expected to exist
as a dimer, the energies from the geometry optimisation cal-
culations of 1 and 14 indicate that the [Ti(NtBu)(COT)]
monomer is approximately 1.23 eV (118.6 kJ mol�1) lower in
energy than the corresponding dimer even without taking
into account the unfavourable entropy effects. Presumably,
this is a result of the bulky tert-butyl groups of the imido
ligand interacting with both rings in the dimer. These calcu-
lations clearly support the experimental results which indi-
cate that formation of a monomer is more likely to be fav-
oured as the steric bulk on the imide is increased.

Density functional theory analysis of [Ti2(m-N-2,6-
Me2C6H3)2(COT)2] (6): The electronic structure of [Ti2(m-N-
2,6-Me2C6H3)2(COT)2] (6) was compared with those of 1, 2
and 3. DFT was used to model compound 6 and a geometry
optimisation was performed on 6 with no symmetry restric-
tions. Important calculated bond lengths and angles are
compared with the experimental ones in Table 3. A frag-
ment analysis was performed where 6 was broken into two
metal–ring fragments and two imido fragments.

The geometry optimisation of 6 showed that there was a
discrepancy between the optimised bond lengths and angles
and the experimental values especially with regard to the
central Ti2(m-N)2 unit of 6, but otherwise there was good
agreement, as shown in Table 3. The degree of asymmetry
present in the Ti2(m-N)2 core
can be quantified by consider-
ing the difference between the
distances Ti(1)�N(1) and Ti(1)�
N(1A). This difference was con-
siderably larger in the experi-
mental structure (0.139(3) �)
than in the calculated structure
(0.03 �). A linear transit calcu-
lation was performed to exam-
ine the changes in the total
energy of 6 when the geometry
of the molecule was optimised
at different Ti(1)�N(1) bond
lengths. For computational sim-
plicity the calculations were
performed assuming the mole-
cule had C2h symmetry. Figure 9
shows the changes in energy of
[Ti2(m-N-2,6- Me2C6H3)2(COT)2]
as the Ti(1)�N(1) bond length
is changed.

This calculation indicates that
there is almost no change in the
overall energy of [Ti2(m-N-2,6-
Me2C6H3)2(COT)2] (6) as the
Ti(1)�N(1) is changed from

1.85 to 1.95 �. The Ti(1)�N(1) bond length is clearly ’soft’
in nature and it is reasonable to conclude that the differen-
ces between the calculated and experimental structures are
due to crystal packing forces.

The major difference between the electronic structures of
monomeric complexes such as 1 and that of 6 relate to the
composition of the HOMO(s). In [Ti(NtBu)(COT)], the
HOMOs represent p bonds between nitrogen 2p orbitals
and metal orbitals of suitable symmetry. However, as a
result of the change of geometry around the imido nitrogens
in 6, there is poor overlap between one of the linear combi-
nations of the nitrogen 2p orbitals and the metal 3dz2 orbital.
Therefore, the HOMO in 6 is non-bonding and consists
mainly of nitrogen p orbital character. Isosurfaces for the
HOMO and LUMO of 6 are shown in Figure 10.

In both 1 and 6 the LUMO has mainly metal d character.
However, as a result of the differences in compositions of
the HOMO, the energy gap between the HOMO and
LUMO in [Ti(NtBu)(COT)] (1) is 3.29 eV (317 kJ mol�1),
whereas the corresponding gap in [Ti2(m-N-2,6-
C6H3Me2)2(COT)2] (6) is 1.14 eV (110 kJ mol�1). Although
the difference in energy between the HOMO and LUMO
can not be used to predict the energies of transitions in the
UV spectrum, the difference between the sizes of the
HOMO–LUMO gap in 1 and 6 are consistent with the ob-
servation of a transition at lower energy in the UV/Vis spec-
trum of 6 compared with 1. This difference in the size of the
HOMO–LUMO gap probably explains why dimeric com-
plexes absorb more in the visible region of the spectrum and
tend to be very dark in colour, while monomeric complexes

Figure 9. Variation in total energy of [Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6) against Ti(1)�N(1) and Ti(1)�N(1A)
bond lengths.

Figure 10. Isosurfaces of selected molecular orbitals of [Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6).
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absorb almost entirely in the near UV with a tail in visible
region of the spectrum and are paler in colour (yellow or
orange).

Photoelectron spectroscopy :
The gas-phase He(I) photoelec-
tron (PE) spectra of [Ti(Nt-
Bu)(COT)] (1), [Ti(NtBu)-
(COT’’)] (2) and [Ti(N-2,6-
iPr2C6H3)(COT)] (3) are shown
in Figure 11 and vertical ionisa-
tion energies (IEs) are summar-
ised in Table 6. Their assign-
ment is made relatively
straightforward by comparison
with related imido and cyclooc-

tatetraenyl compounds.[44, 45] The apparent paucity of low
ionisation energy bands for [Ti(NtBu)(COT)] (1) is ex-
plained by the fact that the 1e2 ionisation of the Ti-COT
ring d-bonding orbitals overlaps with the 2e1 ionisation of

the Ti�N p bonds producing a complex band centred at
8 eV with two distinct maxima. Band C at 10.91 eV may be
assigned to the 1e1 ionisation of the COT ring orbitals. The
relative increase in intensity of bands A and B relative to C
in the He II spectrum (not shown here[30]) indicates that the
1e2 and 2e1 orbitals that give rise to bands A and B have sig-
nificant metal character. Mulliken population analysis of the
ground state structure of [Ti(NtBu)(COT)] (1) gives the Ti
contribution to the 2e1 and 1e2 orbitals as 28 % and 22 %,
while that of the 1e1 is estimated as 8 %. This is consistent
with the intensity increase of bands A and B relative to C as
the photon energy is increased and supports the molecular
orbital diagram that was proposed in Figure 3.

The PE spectrum of [Ti(NtBu)(COT’’)] (2) has a very sim-
ilar low energy structure, though in this case only one verti-
cal IE (B) and a shoulder (A) can be distinguished. The IE
is lower than for 1 reflecting the electron donating effect of
the SiMe3 substituents. The higher energy bands, C and
above, in this case are associated with SiMe3 ionisations,
which overlay the ring 1e1 p band.

The PE spectrum of [Ti(N-2,6-iPr2C6H3)(COT)] (3) differs
from those of 1 and 2 in the low-energy region. The first
band, A, is separated from the principal low-energy band B
by almost 1 eV. Band B occurs in a similar position to the
low-energy bands A and B of 1. Assignment of the IE bands
in 3 is most easily discussed while considering the calculated
IEs. Table 5 gives both experimental and calculated IEs for
1–3.

In the low IE region, agreement is generally very good.
All three calculations suggest that a Ti–N p ionisation is the
lowest in energy. The Ti–COT d ionisations lie very close in
energy to the Ti–N p ionisation but in all three complexes
are predicted to occur at slightly higher energy. For 1,
though the symmetry is only Cs the effective degeneracy of
the calculated IE for the two Ti–N p orbitals and also for
the two Ti–COT d orbitals demonstrates that the assump-
tion of pseudo-C8v is legitimate. For 2 the two Ti–COT’’ d

IEs are separated by 0.13 eV, due to ring substitution, which
accounts for the lack of structure in the band. For 3, band A

Figure 11. Gas-phase He(I) PE spectra of a) [Ti(NtBu)(COT)] (1); b)
[Ti(NtBu)(COT’’)] (2), and c) [Ti(N-2,6-iPr2C6H3)(COT)] (3).

Table 6. Experimental and calculated vertical IEs (eV) for 1, 2 and 3. Cs symmetry was assumed for 1 and 2
and C2v for 3. Ion state calculations that failed to converge are marked with an asterisk.

1 exptl 1 calcd 2 exptl 2 calcd 3 exptl 3 calcd

Ti�N p 7.78 (A) 7.70 (A’) 7.47 (A) * (A’) 7.00 (A) 6.83 (B1)
7.69 (A’’) 7.29 (A’’) 7.85 (B2)

Ti�COT d 8.05 (B) 7.85 (A’) 7.87 (B) 7.42 (A’) 7.98 (B) 7.72 (A2)
7.86 (A’’) 7.55 (A’’) 7.95 (A1)

aryl p 7.46 (A2)
9.64 (C) 9.33 (B1)

COT e1 10.91 (C) * (A’)
10.60 (A’’)
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may be assigned to an out of phase combination of the Ti–N
p-bonding electrons with an aryl p orbital (see Figure 5).
Band B contains, in addition to the orthogonal Ti–N p-
bonding ionisation and the Ti–COT d band, the other aryl
ionisation. The IE calculated for the in-phase combination
of the aryl p orbital with the Np p orbital is 9.33 eV and
may be identified with band C.

An interesting comparison may be made with the 17-va-
lence-electron, d1 compound [Ti(COT)(h5-C5Me5)].[44] In the
PE spectrum of this compound there is an additional low-
lying ionisation band of the extra d electron at 5.28 eV, but
the e2 and 2e1 bands are also found to be coincident with a
maximum at 7.54 eV. Furthermore, the 1e1 band lies at
10.5 eV which is of a very similar energy to that for [Ti(N-
tBu)(COT)] (1). Thus we may conclude that the cyclopenta-
dienylimido analogy[45] holds for these compounds and that
the tert-butylimido ligand is electronically similar to the pen-
tamethylcyclopentadienyl ligand though it provides one less
electron.

General comparison of bonding in ’pogo-stick’ complexes :
In the early 1990s Bergman and co-workers reported the
late transition metal ’pogo-stick’ complexes [Os(NtBu)(h6-
C6Me6)][29] and [Ir(NtBu)(h5-C5Me5)].[28] Many years earlier
the Group 10 ’pogo-stick’ complex [Ni(NO)(h5-C5H5)] (14)
had been reported by King et al.[46] The geometry of these
18-electron complexes is similar to that of 1 and so a DFT-
based comparison between the bonding in early transition
metal ’pogo-stick’ and late transition metal ’pogo-stick’ com-
plexes has been performed. For computational simplicity
[Os(NtBu)(h6-C6Me6)] and [Ir(NtBu)(h5-C5Me5)] were mod-
elled as [Os(NtBu)(h6-C6H6)] (15) and [Ir(NtBu)(h5-C5H5)]
(16), respectively. DFT analyses have previously been per-
formed on 14[47,48] and the bonding in compounds 15 and 16
studied by using extended H�ckel MO theory.[45] However,
our present DFT analyses were performed on 14, 15 and 16
for the purpose of directly comparing the bonding in these
compounds with the bonding in compound 1. Geometry op-
timisations were performed on 14, 15 and 16 assuming C5v,
C3v and Cs symmetry, respectively. In addition, fragment
analyses were performed in which 14 was broken into a
metal–ring fragment and a nitrosyl fragment, and 15 and 16
were broken into a metal–ring fragment and an imido frag-
ment.

The bonding in the closely related compounds [Os(N-
tBu)(h6-C6H6)] (15) and [Ir(NtBu)(h5-C5H5)] (16) is extreme-
ly similar. As described earlier for the COT ring, the C6H6

and C5H5 rings have a low-lying s-symmetry orbital (a1), a
pair of p-symmetry orbitals (e1) and a pair of d-symmetry
orbitals (e2) all with respect to the metal–ring axis. However,
in the smaller carbocyclic rings the d-symmetry orbitals (e2)
are raised in energy and as a result there is no significant in-
teraction between the metal dx2�y2 and dxy orbitals and the d-
symmetry orbitals of the carbocyclic rings in 15 and 16. (It
should also be noted that the size of the COT ring compared
to a C6H6 or C5H5 ring allows for better orbital overlap be-
tween the relevant metal d orbitals and the ring d-symmetry

orbitals). In both compounds 15 and 16 the metal dx2�y2 and
dxy orbitals are primarily non-bonding. Instead, the predomi-
nant metal–ring bonding interaction occurs between the
metal dxz and dyz orbitals and the p-symmetry orbitals (e1) of
the carbocyclic ring. The imido ligand also provides a set of
p-symmetry orbitals (e1) for bonding with the metal dxz and
dyz orbitals. The mixing of the p-symmetry orbitals (e1) of
both ligands and the metal 5dxz, 5dyz and 6px and 6py orbitals
results in three sets of MOs of e1 symmetry. Isosurfaces for
the 1e1, 2e1 and 3e1 MOs of [Os(NtBu)(h6-C6H6)] (15) are
shown in Figure 12a. The 3e1 orbital which is anti-bonding
with respect to both the metal–imide and metal–ring p

bonds is the LUMO in 15.

This mixing of the p-symmetry orbitals between the li-
gands is in direct contrast to the partitioning of the metal or-
bitals that occurs in compound 1, where only the imido
ligand interacts with the metal dxz and dyz orbitals and the
metal dx2�y2 and dxy orbitals interact with the carbocyclic
ring. The other major difference between the bonding in
compounds 15 and 16 and compound 1 is that the metal dz2

orbitals in both 15 and 16 are occupied and are the HOMO
whereas the metal dz2 orbital is unoccupied and the LUMO
in 1. The total metal-valence-electron count for the osmium
and iridium complexes is 18 compared to 16 for compound
1.

The bonding between the C5H5 ring and the metal centre
in [Ni(NO)(h5-C5H5)] (14) is similar to that described for
the iridium and osmium complexes and consistent with pre-
vious descriptions of the bonding between M–Cp and M–
arene fragments.[43] The predominant metal–ring bonding in-
teraction occurs between the metal dxz and dyz orbitals and
the p-symmetry orbitals (e1) of the carbocyclic ring to form
a bonding as well an anti-bonding pair of occupied MOs of
e1 symmetry. The only orbitals of the NO fragment which in-
teract with the Ni(h5-C5H5) fragment are the nitrogen–
oxygen p anti-bonding orbitals which also have e1 symmetry.
The p anti-bonding orbitals of the NO fragment interact

Figure 12. a) Selected isosurfaces of [Os(NtBu)(h6-C6H6)] (15); b) select-
ed isosurfaces of [Ni(NO)(h5-C5H5)] (14).
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with the higher lying anti-bonding e1 pair of MOs of the
Ni(h5-C5H5). This results in the strengthening of the metal–
ring bond because the ring–metal anti-bonding orbital is
now delocalised onto the NO fragment. Iso-surfaces for the
1e1, 2e1 and 3e1 MOs of [Ni(NO)(h5-C5H5)] (14) are shown
in Figure 12 b. As with compounds 15 and 16 the 3e1 orbital
is anti-bonding with respect to both the metal–nitrosyl and
metal–ring p bonds and is the LUMO in 14.

In comparing the bonding in compounds 1, 14, 15 and 16
it is clear that the crucial factor in determining which metal
orbitals interact with the carbocyclic ring is the number of
carbon atoms in the carbocyclic ring. The Group 10 complex
[Ni(NO)(h5-C5H5)] (14) is interesting because the nitrosyl
ligand interacts with a metal–ring anti-bonding orbital as op-
posed to the imido ligand which interacts with a metal–ring
bonding orbital in compounds 15 and 16 and a non-bonding
metal based orbital in compound 1. Therefore the introduc-
tion of the second ligand increases the strength of the
metal–ring bonding in 14, weakens the strength of the
metal–ring bonding in 15 and 16 and does not significantly
affect the strength of the metal–ring bonding in 1. Only
compound 1 has a completely metal-based LUMO and this
probably indicates that nucleophiles are more likely to react
at the 16-valence-electron metal centre in 1 than with com-
pounds 14, 15 or 16. It has previously been shown that [2 +

2] cycloadditions occur between the metal–NtBu fragments
in 15 and 16 and unsaturated substrates such as isocyanates
and isocyanides.[28,29] Given the similarity in the bonding be-
tween the metal and NtBu fragments in compounds 15, 16
and 1, we predict that compound 1 will also undergo cyclo-
addition reactions with unsaturated substrates.

Conclusion

In conclusion, we have firmly established a new class of
early transition-metal cyclooctatetraenylimido complexes
through structural, spectroscopic and theoretical studies.
The steric bulk on both the imido substituent and cycloocta-
tetraenyl ring are crucial factors in determining the nucleari-
ty of the product. Increasing the steric bulk of either ligand
increases the likelihood of forming a monomeric complex.
Density functional theory analysis indicates that the most
striking aspect of the metal–ligand bonding orbitals is that
binding to the imido group is primarily through s and p in-
teractions, whereas that to the COT or COT’’ ring is almost
exclusively through d-symmetry orbitals. Recent preliminary
studies suggest that the Ti=NR linkages in complexes of the
type [Ti(NR)(COT)] are reactive towards a range of organic
substrates. Our work in this area and syntheses of other
early transition-metal cyclooctatetraenylimido complexes is
continuing.

Experimental Section

General methods and instrumentation : All manipulations were carried
out using standard Schlenk line or dry-box techniques under an atmos-
phere of argon or dinitrogen. Solvents were pre-dried over activated 4 �
molecular sieves and were refluxed over appropriate drying agents under
a dinitrogen atmosphere and collected by distillation. Deuterated sol-
vents were dried over appropriate drying agents, distilled under reduced
pressure, and stored under dinitrogen in Teflon valve ampoules. NMR
samples were prepared under dinitrogen in 5-mm Wilmad 507-PP tubes
fitted with J. Young Teflon valves. 1H and 13C spectra were recorded on
Varian Unity Plus 300 and Varian Mercury spectrometers. 1H and 13C as-
signments were confirmed when necessary with the use of NOE, and
two-dimensional 1H–1H and 13C–1H NMR experiments. All spectra were
referenced internally to residual protio-solvent (1H) or solvent (13C) reso-
nances and are reported relative to tetramethylsilane (d=0 ppm). Chem-
ical shifts are quoted in d (ppm) and coupling constants in hertz. Infrared
spectra were prepared as Nujol mulls between NaCl or KBr plates and
were recorded on Perkin-Elmer 1600 and 1700 series spectrometers. In-
frared data are quoted in wavenumbers (cm�1). UV absorption spectra
were recorded on a Perkin-Elmer Lambda 19 UV-visible spectrophotom-
eter. Molar absorption coefficients are reported in Lmol�1 cm�1. Mass
spectra were recorded by the mass spectrometry service of the University
of Oxford�s Inorganic Chemistry Laboratory. Combustion analyses were
recorded by the analytical services of the University of Oxford�s Inorgan-
ic Chemistry Laboratory or by Mikroanalytisches Labor Pascher.

Despite numerous attempts, low %C analyses were consistently found
for all of the new compounds even after purification by tube sublimation
or recrystallisation. This is attributed to incomplete combustion. X-ray
crystal structures of the key compounds 1, 3 and 6 have been reported
and several compounds give well-defined molecular ions in their high-
resolution EI mass spectra. All new compounds were spectroscopically
pure by NMR spectroscopy.

PE spectra were measured by using a Helectros 0078 spectrometer with a
He discharge lamp capable of producing both He I and He II spectra.
The spectrometer was interfaced with an Atari processor, which enabled
spectral acquisition by repeated scans. The samples were calibrated by
using He, Xe, and N2 and band intensities were estimated by using the
Gaussian fitting program available in the IGOR program suite. Band po-
sitions and widths were obtained by a free fit to the He I spectra and
were maintained at the same IE and proportionate widths for the lower
resolution He II spectra.

Density functional calculations were carried out using the Amsterdam
Density Functional program suite ADF 2002.02.[49] Scalar relativistic cor-
rections were included via the ZORA method.[50–54] The generalised gra-
dient approximation was employed, using the local density approxima-
tion of Vosko, Wilk, and Nusair[55] together with non-local exchange cor-
rection by Becke[56, 57] and non-local correlation corrections by Perdew.[58]

TZ2P basis sets were used with triple-accuracy sets of Slater type orbitals
and two polarisation functions added to the main group atoms. The cores
of the atoms were frozen up to 1s for C and N, 2p for Ti, Si and Ni and
4f for Ir and Os. Vertical ionisation energies (IE) were estimated by cal-
culating the energy of the molecular ions in their ground or excited states
with the optimised geometry of the molecule. The IEs were found by the
energy differences from that of the parent molecule.

Literature preparations : [Ti(NtBu)Cl2(py)3],[26] [Ti(N-2,6-Me2C6H3)Cl2-
(py)3],[26] [Ti(N-2,6-iPr2C6H3)Cl2(py)3],[26] [Ti(N-2-tBuC6H4)Cl2(py)3],[21]

K2[COT],[59] and Li2[COT’’]·1.8 THF[60] were prepared by using literature
methods.

[Ti(NtBu)(COT)] (1): To a stirred solution of [Ti(NtBu)Cl2(py)3] (4.00 g,
9.36 mmol) in THF (70 mL) at �50 8C was added a solution of K2[COT]
(1.71 g, 9.36 mmol) in THF (30 mL) over 15 min. The reaction mixture
was warmed to room temperature and stirred for 16 h, during which time
it became dark brown. The volatiles were removed under reduced pres-
sure and the residue extracted into Et2O (3 � 30 mL) and filtered. The
volatiles were removed again and the residue was washed with pentane
(3 � 15 mL) and dried in vacuo. This afforded 1 as a light brown/yellow

Chem. Eur. J. 2005, 11, 2111 – 2124 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2121

FULL PAPERTitanium Imido Complexes

www.chemeurj.org


solid. Analysis by 1H NMR spectroscopy indicated that the sample was
sufficiently pure for further studies. Yield: 1.40 g (67 %). Spectroscopical-
ly pure samples were obtained by tube sublimation (100–110 8C, 5�
10�4 mbar). Yellow crystals suitable for X-ray diffraction were obtained
by tube sublimation (100–110 8C, 5� 10�4 mbar).
1H NMR data (C6D6, 300.0 MHz, 298 K): d =6.69 (s, 8H; C8H8),
0.71 ppm (s, 9H; NtBu); 13C-{1H} NMR data (C6D6, 75.5 MHz, 298 K):
d=95.6 (C8H8), 71.1 (NCMe3), 32.9 ppm (NCMe3); IR data (NaCl plates,
Nujol mull): ñ =1260 (sh, s), 1234 (sh, s), 1092 (br, s), 1020 (br, s), 800
(s), 730 cm�1 (m); UV data (benzene): lmax =280 (2044), 328 (1361),
373 nm (1042); EI-MS: m/z : 223 ([M]+), 209 ([M�Me]+), 167
([M�NtBu]+), 104 ([COT]+), 58 ([NtBu]+); HR EI-MS for [Ti(NtBu)-
(COT)]; found (calcd for C12H17NTi): m/z : 223.0840 (223.0840); elemen-
tal analysis calcd (%) for C12H17NTi: C 64.6, H 7.7, N 6.3; found: C 63.6,
H 7.4, N 6.1.

[Ti(NtBu)(COT’’)] (2): To a stirred solution of [Ti(NtBu)Cl2(py)3]
(1.80 g, 4.20 mmol) in THF (40 mL) at �50 8C was added a solution of
Li2[COT’’]·1.8 THF (1.65 g, 4.20 mmol) in THF (20 mL) over 15 min. The
reaction mixture was warmed to room temperature and stirred for 16 h,
during which time it became dark brown. The volatiles were removed
under reduced pressure and the residue extracted into pentane (3 �
15 mL) and filtered. Subsequent removal of the volatiles under reduced
pressure afforded 2 as a light brown solid. Analysis by 1H NMR spectro-
scopy indicated that the sample was sufficiently pure for further studies.
Yield: 0.83 g (54 %). Spectroscopically pure samples were prepared by
tube sublimation (130 8C, 5� 10�4 mbar).
1H NMR data (C6D6, 300.0 MHz, 298 K): d=7.29 (s, 2H; 2- and 3-
C8H6(SiMe3)2), 7.15 (m, 2 H; 5- and 8-C8H6(SiMe3)2), 6.89 (m, 2 H; 6- and
7-C8H6(SiMe3)2), 0.66 (s, 9H; NtBu), 0.55 ppm (s, 18 H; SiMe3); 13C{1H}
NMR data (C6D6, 75.5 MHz, 298 K): d= 105.6 (1- and 4-C8H6(SiMe3)2),
102.0 (2- and 3-C8H6(SiMe3)2), 99.8 (5- and 8-C8H6(SiMe3)2), 97.8 (6- and
7-C8H6(SiMe3)2), 70.8 (NCMe3), 33.1 (NCMe3), 0.7 ppm (SiMe3); IR
(Nujol mull, NaCl plates): ñ =1250 (sh, s), 1236 (s), 1044 (m), 836 (s),
754 cm�1 (m); EI-MS: m/z : 367 ([M]+), 352 ([M�Me]+), 248 ([COT’’]+),
73 ([SiMe3]

+); HR EI-MS for [Ti(NtBu)(COT’’)]: found (calcd for
C18H33Si2NTi): m/z : 367.1631 (367.1631); elemental analysis calcd (%) for
C18H33Si2NTi: C 58.9, H 9.1, N 3.8; found: C 58.2, H 9.0, N 3.7.

[Ti(N-2,6-iPr2C6H3)(COT)] (3): To a stirred solution of [Ti(N-2,6-
iPr2C6H3)Cl2(py)3] (1.52 g, 2.80 mmol) in THF (40 mL) was added a so-
lution of K2[COT] (0.51 g, 2.80 mmol) in THF (20 mL). The reaction mix-
ture was stirred for 16 h, during which time it became dark brown. The
volatiles were removed under reduced pressure and the residue extracted
into Et2O (2 � 25 mL) and filtered. The volatiles were removed again and
the residue washed with pentane (2 � 25 mL) and dried in vacuo. This af-
forded 3 as an orange solid. Analysis by 1H NMR spectroscopy indicated
that the sample was sufficiently pure for further studies. Yield: 0.53 g
(58 %). Spectroscopically pure samples were obtained by tube sublima-
tion (170–180 8C, 5 � 10�4 mbar). Orange crystals suitable for X-ray dif-
fraction were obtained by tube sublimation (170–180 8C, 5� 10�4 mbar).
1H NMR data (C6D6, 300.0 MHz, 298 K): d= 7.29 (d, 3J= 7.5 Hz, 2 H;
meta-N-2,6-iPr2C6H3), 7.15 (1 H, partially obscured t, para-N-2,6-
iPr2C6H3, coupling unresolved), 6.69 (s, 8H; C8H8), 3.22 (sept, 3J =6.9 Hz,
1H; CHMe2), 1.21 ppm (d, 3J =6.9 Hz, 12H; CHMe2); 13C{1H} NMR data
(C6D6, 75.5 MHz, 298 K): d =159.9 (ipso-N-2,6-iPr2C6H3), 139.3 (ortho-N-
2,6-iPr2C6H3), 121.7 (meta-N-2,6-iPr2C6H3), 120.8 (para-N-2,6-iPr2C6H3),
97.2 (C8H8), 29.1 (CHMe2), 23.1 ppm (CHMe2); IR (Nujol mull, NaCl
plates): ñ=1260 (s), 1094 (br, s), 1018 (br, s), 800 (s), 670 cm�1 (w); EI-
MS: m/z : 327 ([M]+), 177 ([N-2,6-iPr2C6H3]

+), 162 ([2,6-iPr2C6H3]
+). HR

EI-MS for [Ti(N-2,6-iPr2C6H3)(COT)]. Found (calcd for C20H25NTi): m/z :
327.1455 (327.1466); elemental analysis calcd (%) for C20H25NTi: C 73.4,
H 7.7, N 4.3; found: C 70.4, H 7.6, N 4.2.

NMR-tube-scale synthesis of [Ti(N-2,6-iPr2C6H3)(COT’’)] (4): To a so-
lution of [Ti(N-2,6-iPr2C6H3)Cl2(py)3] (10 mg, 18 mmol) in C6D6 (0.3 mL)
was added a solution of Li2[COT’’]·1.8 THF (7.1 mg, 18 mmol) in C6D6

(0.1 mL). The reaction mixture was monitored by 1H NMR for 16 h.
During this time the quantitative conversion of [Ti(N-2,6-iPr2C6H3)Cl2-
(py)3] to [Ti(N-2,6-iPr2C6H3)(COT’’)] (4) was observed.

1H NMR data (C6D6, 300.0 MHz, 298 K): d=7.28 (s, 2H; 2- and 3-
C8H6(SiMe3)2), 7.17 (m, 2 H; 5- and 8-C8H6(SiMe3)2), 6.97 (m, 2 H; 6- and
7-C8H6(SiMe3)2), 6.77 (d, 3J =7.5 Hz, 2 H; meta-N-2,6-iPr2C6H3), 6.66 (t,
3J=7.5 Hz, 1H, para-N-2,6-iPr2C6H3), 3.32 (sept, 3J =6.9 Hz, 1 H;
CHMe2), 1.16 (d, 3J =6.9 Hz, 12H; CHMe2), 0.45 ppm (s, 18H; SiMe3);
13C{1H} NMR data (C6D6, 75.5 MHz, 298 K): d=159.1 (ipso-N-2,6-
iPr2C6H3), 139.1 (ortho-N-2,6-iPr2C6H3), 121.6 (meta-N-2,6-iPr2C6H3),
120.6 (para-N-2,6-iPr2C6H3), 108.1 (1- and 4-C8H6(SiMe3)2), 103.1 (2- and
3-C8H6(SiMe3)2), 101.5 (5- and 8-C8H6(SiMe3)2), 99.3 (6- and 7-
C8H6(SiMe3)2), 28.7 (CHMe2), 23.3 (CHMe2), 0.7 ppm (SiMe3).

[Ti(N-2-tBuC6H4)(COT’’)] (5): To a stirred solution of [Ti(N-2-
tBuC6H4)Cl2(py)3] (0.25 g, 0.50 mmol) in benzene (20 mL) was added a
solution of Li2[COT’’]·1.8THF (0.20 g, 0.50 mmol) in benzene (10 mL)
over 15 min. The reaction mixture was stirred for two days, during which
time it became dark brown. The volatiles were removed under reduced
pressure and the residue washed with pentane (3 � 15 mL). The solid was
dried in vacuo to afford 5 as a light brown gum. Analysis by 1H NMR
spectroscopy indicated that the sample was sufficiently pure for further
studies. Yield: 0.11 g (50 %).
1H NMR data (C6D6, 300.0 MHz, 298 K): d=7.26 (s, 2H; 2- and 3-
C8H6(SiMe3)2), 7.17 (m, 2 H, 5- and 8-C8H6(SiMe3)2), 6.98 (m, 2 H, 6- and
7-C8H6(SiMe3)2), 6.93 (dd, 2J65 =7.5, 3J64 = 5.5 Hz, 2H; 6-N-2-tBuC6H4),
6.71 (app dt, J=7.2 Hz, 1H; 5-N-2-tBuC6H4), 6.49 (app dt, J =6.9 Hz,
1H; 4-N-2-tBuC6H4), 6.18 (dd, J =6.9 Hz, 1H; 3-N-2-tBuC6H4), 1.43 (s,
9H; N-2-tBuC6H4), 0.45 ppm (s, 18H; SiMe3); 13C{1H} data NMR (C6D6,
75.5 MHz, 298 K): d =160.9 (ipso-N-2-tBuC6H4), 137.5 (ortho-N-2-
tBuC6H4), 132.4 (3-N-2-tBuC6H4), 125.7 (5- N-2-tBuC6H4), 125.0 (6- N-2-
tBuC6H4), 119.6 (para- N-2-tBuC6H4), 107.4 (1- and 4-C8H6(SiMe3)2),
103.4 (2- and 3-C8H6(SiMe3)2), 101.5 (5- and 8-C8H6(SiMe3)2), 100.1 (6-
and 7-C8H6(SiMe3)2), 34.8 (NCMe3), 30.4 (NCMe3), 0.5 ppm (SiMe3); IR
(Nujol mull, NaCl plates): ñ =1260 (s), 1091 (br, s), 1040 (s), 1019 (br, s),
837 (s), 831 (s), 751 (w), 721 cm�1 (w); EI-MS: m/z : 429 ([M�Me]+), 281
([Ti[COT’’]�Me]+), 133 ([2-tBuC6H4]

+), 73 ([SiMe3]
+).

[Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6): To a stirred solution of [Ti(N-2,6-
Me2C6H3)Cl2(py)3] (0.44 g, 0.90 mmol) in benzene (20 mL) was added a
solution of K2[COT] (0.16 g, 0.90 mmol) in benzene (10 mL). The reac-
tion mixture was stirred for two days, during which time it became dark
brown and a solid precipitated out of solution. The solution was filtered
and the black solid washed with pentane and dried in vacuo, to afford 6
as a black solid. Analysis by 1H NMR spectroscopy indicated that the
sample was sufficiently pure for further studies. A second crop of 6 was
obtained by reducing the volume of the filtrate and cooling the remaining
solution for one day at �30 8C during which time a black solid precipitat-
ed out of solution. The solid was isolated by filtration, washed with pen-
tane and dried in vacuo to afford a second crop of 6. Yield: 0.12 g
(49 %). Black crystals suitable for X-ray diffraction were obtained from a
saturated solution of [Ti2(m-N-2,6-Me2C6H3)2(COT)2] in benzene at room
temperature.
1H NMR data (C6D6, 300.0 MHz, 298 K): d= 7.10 (d, 3J= 7.2 Hz, 4 H;
meta-N-2,6-Me2C6H3), 6.85 (t, 3J =7.2 Hz, 2 H; para-N-2,6-Me2C6H3), 6.05
(s, 16 H; C8H8), 2.10 ppm (s, 12 H; N-2,6-Me2C6H3); 13C{1H} NMR data
(C6D6, 75.5 MHz, 298 K): d=169.5 (ipso-N-2,6-Me2C6H3), 132.3 (ortho-
N-2,6-Me2C6H3), 121.5 (para-N-2,6-Me2C6H3), 121.2 (meta-N-2,6-
Me2C6H3), 99.7 (C8H8), 20.3 ppm (N-2,6-Me2C6H3); IR (Nujol mull, NaCl
plates): ñ=1260 (m), 1214 (s), 1092 (br, m), 1020 (br, m), 802 (br, m),
770 (br, m), 722 cm�1 (s); UV data (benzene): lmax = 335 (2676), 386
(1901), 459 (850), 686 nm (236); EI-MS: m/z : 542 ([M]+), 271 ([1/2M]+),
167 ([1/2M�COT]+), 152 ([1/2M�N-2,6-C6H3]

+); HR EI-MS for [Ti(N-
2,6-Me2C6H3)(COT)]2: found (calcd for C32H34N2Ti2): m/z : 542.1667
(542.1681); elemental analysis calcd (%) or C32H34N2Ti2: C 70.9, H 6.3, N
5.2; found: C 69.5, H 6.0, N 5.1.

[Ti(N-2,6-Me2C6H3)(COT’’)] (7): To a stirred solution of [Ti(N-2,6-
Me2C6H3)Cl2(py)3] (0.25 g, 0.51 mmol) in benzene (20 mL) was added a
solution of Li2[COT’’]·1.8 THF (0.20 g, 0.51 mmol) in benzene (10 mL)
over 15 min. The reaction mixture was stirred for two days, during which
time it became dark brown. The volatiles were removed under reduced
pressure and the residue washed with pentane (3 � 15 mL). The solid was
dried in vacuo to afford 7 as an orange gum. Analysis by 1H NMR spec-
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troscopy indicated that the sample was sufficiently pure for further stud-
ies. Yield: 0.10 g (47 %).
1H NMR data (C6D6, 300.0 MHz, 298 K): d=7.33 (s, 2H; 2- and 3-
C8H6(SiMe3)2), 7.20 (m, 2 H; 5- and 8-C8H6(SiMe3)2), 6.93 (m, 2 H; 6- and
7-C8H6(SiMe3)2), 6.74 (d, 3J=7.2 Hz, 2H; meta-N-2,6-Me2C6H3), 6.51 (t,
3J=7.2 Hz, 1 H; para-N-2,6-Me2C6H3), 2.06 (s, 1H; N-2,6-Me2C6H3),
0.45 ppm (s, 18 H; SiMe3); 13C{1H} NMR data (C6D6, 75.5 MHz, 298 K):
d=161.5 (ipso-N-2,6-Me2C6H3), 128.9 (ortho-N-2,6-Me2C6H3), 126.9
(meta-N-2,6-Me2C6H3), 119.6 (para-N-2,6-Me2C6H3), 107.2 (1- and 4-
C8H6(SiMe3)2), 103.1 (2- and 3-C8H6(SiMe3)2), 101.2 (5- and 8-
C8H6(SiMe3)2), 99.3 (6- and 7-C8H6(SiMe3)2), 33.1 (N-2,6-Me2C6H3),
0.7 ppm (SiMe3); IR (Nujol mull, NaCl plates): ñ=1260 (s), 1090 (br, s),
1020 (br, s), 838 (s), 804 cm�1 (m); EI-MS: m/z : 415 ([M]+), 248
([COT’’]+), 106 ([N-2,6-C6H3]

+), 73 ([SiMe3]
+); HR EI-MS for [Ti(N-2,6-

Me2C6H3)(COT’’)]: found (calcd for C22H33NSi2Ti): m/z : 415.1614
(415.1631); elemental analysis calcd (%) for C22H33NSi2Ti: C 63.6, H 8.0,
N 3.4; found: C 62.0, H 7.8, N 3.4.

The procedure described below for the synthesis of [Ti2(m-NPh)2(COT’’)2]
(8), is also a representative procedure for tert-butylimido–aniline ex-
change reactions.

[Ti2(m-NPh)2(COT’’)2] (8): To a stirred solution of [Ti(NtBu)(COT’’)]
(0.20 g, 0.54 mmol) in pentane (20 mL) was added a solution PhNH2

(50 mg, 0.54 mmol) in pentane (10 mL). The reaction mixture was stirred
for three days, during which time it became dark brown and a solid pre-
cipitated out of solution. The solid was isolated by filtration, washed with
pentane (2 � 15 mL) and dried in vacuo to afford 8 as a light brown solid.
Analysis by 1H NMR spectroscopy indicated that the sample was suffi-
ciently pure for further studies. Spectroscopically pure samples were ob-
tained by recrystallisation at �30 C from a minimum amount of hexane.
Yield: 0.14 g (68 %).
1H NMR data (C6D6, 300.0 MHz, 298 K): d= 7.25 (t, 2J =7.5 Hz, 4 H;
ortho-N-C6H5), 6.83 (t, 2J =7.5 Hz, 2H; para-N-C6H5), 6.64 (m, 4H; 5-
and 8-C8H6(SiMe3)2), 6.50 (s, 4 H; 2- and 3-C8H6(SiMe3)2), 6.24 (app d,
J =7.5 Hz, 4H,; meta-N-C6H5), 6.03 (m, 2H; 6- and 7-C8H6(SiMe3)2),
0.43 ppm (s, 18 H; SiMe3); 13C{1H} NMR data (C6D6, 75.5 MHz, 298 K):
d=169.1 (ipso-N-C6H6), 128.0 (ortho-N-C6H6, obscured by solvent reso-
nance), 120.3 (para-N-C6H6), 118.0 (meta-N-C6H6), 111.2 (1- and 4-
C8H6(SiMe3)2), 106.4 (2- and 3-C8H6(SiMe3)2), 105.2 (5- and 8-
C8H6(SiMe3)2), 102.1 (6- and 7-C8H6(SiMe3)2), 0.6 ppm (SiMe3); IR
(Nujol mull, NaCl plates): ñ =1260 (s), 1244 (s), 1160 (br, s), 1092 (s),
1036 (s), 1020 (s), 840 (s), 804 (s), 746 cm�1 (m); EI-MS: m/z : 702
([M�SiMe3]

+), 387 ([1/2M]+), 372 ([1/2M�Me]+), 314 ([1/2M�SiMe3]
+),

248 ([COT’’]+), 73 ([SiMe3]
+); elemental analysis calcd (%) for

C40H58Si4N2Ti2: C 62.0, H 7.5, N 3.6; found: C 58.2, H 7.6, N 3.6.

Crystal structure determinations of [Ti(NtBu)(COT)] (1), [Ti(N-2,6-
iPr2C6H3)(COT)] (3), [Ti2(m-N-2,6-Me2C6H3)2(COT)2] (6): Crystal data
collection and processing parameters are given in Table 7. Crystals were
mounted on a glass fibre using perfluoropolyether oil and cooled rapidly
to 150 K in a stream of cold N2 using an Oxford Cryosystems CRYO-
STREAM unit. Diffraction data were measured by using either a Sto�
Stadi-4 four-circle diffractometer (for 1) or an Enraf-Nonius KappaCCD
diffractometer (for 3 and 6). Intensity data for 1 were processed using X-
RED,[61] and those for 3 and 6 were processed using the DENZO-SMN
package.[62] The structures were solved by using the direct methods pro-
gram SIR92,[63] which located all non-hydrogen atoms. Subsequent full-
matrix least-squares refinement was carried out using the CRYSTALS
program suite.[64] Coordinates and anisotropic thermal parameters of all
non-hydrogen atoms were refined. Hydrogen atoms were positioned geo-
metrically. Weighting schemes were applied as appropriate.

Data for 1 were collected to a qmax of only 22.58 due to the weakly dif-
fracting nature of the crystal, to which we also attribute the high conven-
tional R1 value of 0.094. Numerical absorption corrections by means of
face indexing were not applicable due to the irregular shape of the crystal
and its encapsulation in a film of perfluoropolyether. The residual elec-
tron density peaks peaks of +3.2 to �1.6 e��3 found after refinement on
data corrected for absorption using Y scans were considerably reduced
on the application of DIFABS.[65] The value of 0.71 for E2–1 (E=normal-
ised structure factor) suggested possible twinning but no useable twin law

could be found. Repeated attempts to grow better diffraction-quality
crystals were unsuccessful.

CCDC-117841, CCDC-262147 and CCDC-262148 contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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